Introduction
In cement-based materials, pore networks influence the strength, durability and permeability [1, 2] . The pore sizes range from nanometers to millimeters. Natural shales are porous materials that act as hydrocarbon reservoirs and are composed of several clay minerals [3] . The heterogeneous pore structures of shales have a strong influence on the accumulation, migration and uses of shale gas [4, 5] . Therefore, detailed knowledge of pore structures as well as dynamics of fluids in cements and shales is of paramount importance, particularly for the safety of oil well completions. Several techniques, such as mercury intrusion porosimetry (MIP), nitrogen adsorption/desorption (NAD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and small angle X-ray scattering (SAXS), have been exploited to study the porous materials, and they have their own strengths and limitations [6] .
Nuclear magnetic resonance (NMR) spectroscopy has proven to be an excellent tool for gaining molecular-level chemical, dynamic and spatial information [7] . NMR allows investigation of fluids deep inside optically opaque materials, which is a significant strength as compared to many other methods listed above. NMR relaxation, diffusion, cryoporometry and magnetic resonance imaging (MRI) measurements of fluids contained in the pores provide versatile information about the porosity, pore size distribution as well as fluid transport and chemical exchange phenomena [8] [9] [10] [11] [12] [13] .
There is a long history of investigations of the porous structure of cements and shales with 1 H NMR relaxometry [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Typically, fluid molecules are characterized by a distribution of relaxation times due to the heterogeneous environments existing inside porous materials. The relaxation time distribution can be extracted from the experimental data by the inverse Laplace transform [28] and, in the simplest case, it reflects the pore size distribution [29] . T 2 -T 2 relaxation exchange experiments [30] allow one to quantify the exchange of fluid molecules between the pores of different sizes, by exploiting T 2 relaxation contrast [31] . This is not possible using the traditional exchange spectroscopy (EXSY) method [32] , pores have the same chemical shift. The off-diagonal cross peaks in the T 2 -T 2 maps reveal unambiguously the exchange between the pores due to diffusion. The method has been used to study the exchange of water in cements [33] , wood [34] , soil [35] , rocks [31] , articular cartilage [36] , silica, borosilicate and soda lime glass particles [37] [38] [39] [40] , as well as the proton exchange in water/urea system [41] . NMR cryoporometry is a technique for the determination of the pore size distribution via the observation of the solid-liquid phase transition temperature of a medium confined in the pores [10, 42] . According to the Gibbs-Thomson equation [43] , the melting point depression ΔT mp in a cylindrical pore is inversely proportional to the pore radius R p :
Here, T mp (bulk) and T mp (pore) are the melting temperatures of bulk and confined liquid, σ sl is the surface energy of the solid-liquid interface, ΔH f is the specific bulk enthalpy of fusion, and ρ s is the density of the solid. The constant k p is characteristic of each medium. Because usually the T 2 relaxation time of frozen liquid is much shorter than that of unfrozen liquid, by using a proper echo time in a spin-echo pulse sequence, one can measure solely the signal of the unfrozen substance, with negligible contribution from the frozen component. The melting point distribution of the substance is determined by measuring the amplitude of the signal of the unfrozen liquid component as a function of temperature. This is converted into pore size distribution by using the Gibbs-Thomson equation. NMR cryoporometry has been used for the characterization of various materials [10, 42] , including cements [44] and shales [45, 46] .
Xenon is an inert gas, which has a 129 Xe isotope with a spin-½ nucleus and high natural abundance (26%). Because of its easily polarizable electron cloud, the chemical shift of 129 Xe is extremely sensitive to its local environment [47] . Therefore, it is an ideal probe for the investigation of porous host media [48] . The chemical shift and shielding anisotropy of xenon provide information about the pore size and geometry, as well as surface interactions. Xenon has been exploited in the investigation of many media, including zeolites and clathrates [49] , as well as silica [50, 51] , alumina [52] and carbonaceous [53] materials, membranes [54] , and cages [55, 56] . Recently we exploited, for the first time, 129 Xe NMR for the characterization of cement and shale materials [57] . It is interesting to compare those materials because, on the one hand, there are similarities in their chemical and mineral composition as well as texture but, on the other hand, shales are more heterogeneous. From the BASF hydrated cement samples, we observed one 129 Xe resonance implying the presence of nanopores and another from larger pores or free gas. In contrast, the shale samples received from China showed an extremely broad 129 Xe signal, covering a range of about 600 ppm, due to paramagnetic substances present in the sample. In this work, we extend the previous study by comparing hydrated cements from two different manufactures, BASF and Portland, as well as shales received from China and USA. Xenon is a very interesting fluid for investigating the shale samples, because its size is similar to that of methane, and therefore it can be expected to probe similar environments and have similar dynamics as natural hydrocarbons in shales [58] . In addition to 129 Xe NMR, we exploit 1 H NMR cryoporometry and T 2 -T 2 exchange measurements to estimate the pore size distribution and dynamics of acetonitrile in the shale samples. The NMR measurements are complemented with field-emission scanning electron microscope (FESEM) and X-ray diffraction (XRD) analysis.
Materials and methods

Materials
Commercial cement samples were purchased from BASF and Portland companies. Two samples were hydrated for four months with an initial water/cement ratio of 0.3 and 0.5. During the hydration period, the samples were stored in a closed chamber at a constant temperature (20°C and 100% relative humidity). The BASF and Portland cement samples with initial water-to-cement ratios of 0.3 and 0.5, are referred to as B0.3, B0.5 and P0.3, P0.5, respectively.
We investigated also two siliceous, oil-bearing shale samples from the northern Rocky Mountains and one carbonate-rich shale sample from the Eagle Ford Formation in southern Texas, USA. The samples were labeled as Sil3-14, Sil4-34 and EF1-223, and they were drilled from the following depths: 3594, 3612 and 3461 m, respectively. Detailed characterization of the porosity, pore size distribution and chemical composition of the same samples can be found from Ref. [59] (see also Tables S2 and S3) .
We compared the results with our previous experiments carried out for the black shale core samples that were collected from the CambrianSilurian strata at the Low Yangzi Plateau in China [57] . This source is well known for the sedimentary facies with abundant organic materials. One of the shale samples was from Hubei Province of China, while two other samples were from Chongqing. The three shale samples were labeled as HU234, CH2175 and CH3634, where HU and CH refers to Hubei and Chongqing, respectively, and the number corresponds to the depth in meter, from which the sample was drilled.
All the cement and shale samples were ground into a fine powder. The shale samples were also sieved by passing through a 63 μm sieve. The sieving was not done for the cement samples.
129 Xe NMR experiments
The ground cement and shale samples were added to 10 mm medium-wall NMR tubes. The samples were subsequently dried overnight at 70°C in a vacuum line. Thereafter, 129 Xe isotope-enriched (91%) xenon gas was condensed in the sample using liquid N 2 , and the samples were flame-sealed. The xenon pressure inside the glass tube was about 4 atm. Variable-temperature 129 Xe NMR spectra were measured from 225
to 290 K in steps of 10 K using a Bruker Avance III 300 spectrometer with a magnetic field strength of 7.1 T ( 129 Xe frequency of 83 MHz) and a 10-mm BBFO probe. The temperature stabilization time was 30 min. The spectra were measured with a spin-echo pulse sequence to avoid background distortions, which were present in the spectra measured using only a 90°excitation pulse. The lengths of 90°and 180°pulses were 26.5 and 53 μs. The number of accumulated scans was 512 and 4096 for the cement and shale samples, respectively. The τ delays between the pulses in the spin echo experiment were 1 and 15 μs for the cement and shale samples, respectively. For the cement samples, the relaxation delay was 8 s and the total experiment time about 1 h. For the shale samples, the relaxation delay was 3 s and experiment time approximately 3.5 h. The chemical shift scale of the 129 Xe spectra was referenced so that the chemical shift of free 129 Xe at zero pressure is 0 ppm. Two-dimensional (2D) 129 Xe EXSY spectra of the cement samples were measured using Bruker Avance III 400 spectrometer at a magnetic field of 9.4 T ( 129 Xe frequency of 110.7 MHz) and a 10-mm BBFO probe.
The length of the 90°pulse was 36 μs and the number of accumulated scans was 128. The relaxation delay was 5 s and the total experiment time about 6 h. The mixing time τ m was varied from 1 to 90 ms.
1 H NMR cryoporometry experiments
Some ground and dried shale samples were immersed in an excess of acetonitrile in a 10 mm medium-wall sample tube to carry out NMR cryoporometry analysis. 1 H NMR cryoporometry experiments were performed on a Bruker Avance III 300 spectrometer using the 10-mm BBFO probe. Variable temperature NMR spectra were measured using a CPMG pulse sequence with an echo time of 0.3 ms and 2048 echoes measured in a single scan. The measurement temperatures varied from 180 to 240 K. The temperature step was 5 K from 180 to 210 K, 2 K from 212 to 224 K, 1 K from 225 to 236 K and then 2 K from 238 to 240 K. The heating rate in the experiments was 1 K per 7.5 min. The number of accumulated scans was 64 and the experiment time approximately 4 min. The integrals of signal for each temperature were multiplied by a factor of T/T 0 to exclude the temperature dependence of magnetization given by the Curie law. This correction makes the integrals of signals proportional to the true amount of the unfrozen acetonitrile liquid. The pore size distribution was extracted by a least-squares fit of a model function to the integrals as described by Aksnes et al. [60] . Hansen et al. [61] demonstrated the presence of a non-freezing layer with thickness of about 0.3-0.8 nm. Therefore, 0.6 nm was added to the diameters for the calculation of the true pore size. The value of constant k p = 545 KÅ in Equation (1) for acetonitrile, was experimentally determined by Aksnes et al. [60] by using silica materials. We have tested with known silica materials that this value of the constant gives reliable results [62] . Because silica is one of the main components of the cement and shale materials studied here, it is justified to use this value in the analysis. 1 H T 2 relaxation time distributions of acetonitrile in the shale samples were determined by performing Laplace inversion of the CPMG data. The Laplace inversion algorithm was received from the research group of late prof. Callaghan.
2.4.
H T 2 -T 2 exchange experiments
1 H T 2 -T 2 relaxation exchange experiments for acetonitrile in the shale samples were carried out at room temperature using the Bruker Avance III 300 spectrometer and 10-mm BBFO probe. The relaxation delay was 3 s and the echo time 2 ms. The number of echoes in the direct and indirect dimensions were 32, and altogether 8 scans were acquired. The experiment time was 8 h for τ m = 10 ms mixing-time experiment. The mixing time was varied from 10 ms to 1.5 s. The T 2 -T 2 relaxation exchange maps of acetonitrile in the shale samples were determined by the Matlab-based Laplace inversion algorithm received from the research group of late prof. Callaghan.
Results and discussion
FESEM and XRD analysis
The chemical composition of the cement samples, measured by XRD, is listed in Table S1 . The compositions of the BASF and Portland cements were very similar. As explained in the SI, the main hydrated phases were calcium silicate hydrate (CSH, 3CaO 2 SiO 2 .4H 2 O) and calcium hydroxide [Ca(OH) 2 ]. No paramagnetic minerals were observed in the cement samples.
The results of XRD analysis of the shale samples from USA can be found from Tables S2 and S3 [59] . The samples consisted mainly of clay minerals (Sil3-14/Sil4-34/EF1-223: 38/33/19%), calcite (3/traces/ 60%) as well as fine-grained quartz (39/50/13%). The samples included also 1-5% of pyrite and traces of ankerite/siderite that contain the Fe(II) ion with the d 6 configuration and, thereby, may in principle be magnetic. Both pyrite and the other polymorph of FeS 2 , marcasite, have been reported to possess non-magnetic ground states [63, 64] . On the other hand, the shale samples from China displayed clear signature of paramagnetism [57] , with siderite (FeCO 3 ) as the most likely cause. Indeed, in normal pressure conditions, the Fe(II) centers of this mineral are found in the high-spin (S = 2), magnetic state [65] . The FESEM images of cement and shale samples at two different magnification scales are shown in Fig. 1 . As expected, the cement samples appear more homogenous than shale samples. There are porous structures visible from nanometer to micrometer scale in both the cement and shale samples.
3.2.
129 Xe NMR analysis of the cement samples silica-based materials. By applying the same correlation to the cement samples, the size of the mesopores was estimated to be in the 10-50 nm range, which is a typical size for capillary pores in hardened cement [66] . The chemical shift values of the mesopore signals of the Portland cement samples are higher than those of the BASF cement samples, suggesting that the capillary pores are smaller in the former samples. In the case of Portland cement, the chemical shift of the mesopore signal is significantly higher for the P0.5 sample than for P0.3 sample, indicating that the higher initial water-to-cement ratio resulted in the smaller capillary pores. The P0.5 cement sample showed another well-resolved, small mesopore peak centered around 130 ppm at 225 K and 80 ppm at 290 K. This implies the simultaneous presence of much smaller mesopores, with pore size of about 6 nm [50] . This is a typical size of gel pores in hardened cement. We note that, in addition to the pore size, there are many other factors contributing to chemical shift of 129 Xe [48] . 
Here, δ S is the chemical shift of 129 Xe adsorbed on the surface of the pore, D is the mean pore size, η is the pore geometry factor (equal to 4 for cylindrical pores), R is the universal gas constant, T is the temperature, K 0 is a pre-exponential factor, and Q is the effective heat of adsorption. The model explains that the chemical shift values increase with decreasing temperature because the population of xenon adsorbed on the pore surface increases. The fits of Equation (2) to the capillary mesopore chemical shift values of cement samples are shown in Fig. 2c . The parameters obtained from fits are listed in Table 1 . The values of the heat of adsorption are quite similar for different samples, ranging from 12.1 to 14.9 kJ/mol and being comparable to the heats of adsorption of the silica gels (8-21 kJ/mol) [67] . The chemical shift values of the 129 Xe adsorbed on the surface of pores are also the same results within the experimental error, i.e., about 180 ppm, which is larger than for silica, alumina and MCM-41 materials (around 120 ppm) [50, 52] . The difference in the chemical structure of the pore surface and heterogeneity of pore structure of the cement samples could be a reason behind these differences. The BASF cement samples have higher D/ƞK 0 R values as compared to Portland samples, reflecting the bigger capillary pore size. 2D 129 Xe EXSY spectra of the P0.5 cement sample measured at room temperature with varying mixing time, are shown in Fig. 3 . The offdiagonal cross peaks become clearly visible at the longer mixing time, showing a diffusion-driven exchange process between the free gas and capillary mesopore sites. The fits of two-site exchange model [32] to the experimentally determined amplitudes of the diagonal and cross peaks are shown in Figs. 3d and S8, and the resulting parameters in Table 2 . The exchange rates of the BASF samples (BASF 0.3: 400 ± 70 s ). The exchange rates follow inversely the chemical shifts of the capillary micropore signals (see Fig. 2c) ; the larger chemical shift, the smaller exchange rate. This implies that the diffusion from the smaller pores to the free gas site is slower than from the larger pores.
3.3.
129 Xe NMR analysis of the shale samples 129 Xe spin-echo spectra of the shale samples from USA measured at 225 and 290 K are shown in Fig. 4a and b, respectively. Also in this case the spectra show two dominant signals: one from the free gas (xenon in large pores and in between the particles) around 0 ppm and another, very broad signal from the pores. The chemical shift range of the pore signals is about 70-300 ppm at 290 K and 90-330 ppm at 225K. The relationships between the chemical shift and pore size determined by Demarquay et al. [68] and Terskikh et al. [50] indicate that xenon gas explores a broad range of micropores and mesopores with different sizes in the shale samples, the pore sizes ranging at least from 1 to 10 nm. The nitrogen sorption isotherms of the same samples shown in Ref. [59] show a bimodal pore size distribution with a narrow peak centered around 1-2 nm and a broad peak extending from 3 to 200 nm; the siliceous samples had mainly clay-associated porosity with a peak around 2 nm (width of dehydrated illite-smectite interlayers) while the Eagle Ford samples had a broader pore size distribution with less of clay peak. In fact, similar bimodal features are visible also in the 129 Xe NMR signal observed from the shale pores. The pore signal is slightly more intense for the siliceous samples than for the carbonate-rich sample, which may reflect their slightly higher porosity observed by 1 H NMR [59] . Restricted motion accompanied by anisotropic interactions (chemical shift anisotropy or dipolar coupling) may have also some effect on the line shape.
For the comparison, the 129 Xe spin-echo spectra of the Hubei and Chongqing shale samples (from China) from various reservoir depths measured at 225 and 290 K are shown in Fig. 4c and d, respectively [57] . Because those samples included significant amount of paramagnetic Fe(II)-bearing minerals, i.e., siderite, they showed extremely broad signal extending from −300 to 300 ppm. The large negative chemical shifts proved that the paramagnetic interactions had a dominant effect on the spectral features in those samples. Because no such negative shifts with respect to the gaseous 129 Xe reference were observed from the new samples from USA analyzed in this work, the effect of paramagnetic substances is significantly smaller in the shales from USA. One may expect as a consequence of the smaller content and/or different chemical structure of the paramagnetic substances. Indeed, the predominant impurity component of the shale samples from USA, pyrite, with the Fe(II) centers in the low-spin configuration, is not expected to show any paramagnetic effects at low temperature. However, Fe(II) systems are known to possess spin-crossover effects between the low-spin and high-spin paramagnetic states upon applying temperature [69] or pressure [65] . In the case of the present samples, extension of the measurements to significantly higher temperatures than presently used, may in principle lead to population of an excited S = 2 spin multiplet and, thereby, thermal onset of paramagnetism. This would show up as appearance of negative shifts, as well as an additional source of non-monotonic temperature dependence of the shifts, in the USA-based shales, too. Variable-temperature 129 Xe NMR spectra of the shale samples are shown in Figs. S5-S7 . The chemical shift values of the pore gas signals Fig. 3 . 129 Xe EXSY spectra of the Portland 0.5 cement sample measured at room temperature using a mixing time of (a) 1 (b) 5 and (c) 30 ms. (d) The amplitudes of the diagonal free gas (f) and pore gas signals (p) as well as the cross peaks (fp) as a function of mixing times and the fit of the two-site exchange model to experimental data (solid lines).
Table 2
Parameters resulted from the fits of two-site exchange model [31] to the amplitudes of the EXSY signals of the cement samples. X F and X P are the relative populations of free and pore gas sites. k FP and k PF are the exchange rates from free gas site to pore gas site and vice versa, and k is the overall exchange rate. slightly increase with decreasing temperature, but the change is not as significant as in the case of the cement samples. It turned out that Equation (2) was not able to explain the observed chemical shift behavior, implying that the simplified model is not valid for the shale samples because of the small pore sizes, complex pore structure, and heterogeneous pore surface chemistry.
3.4.
H NMR cryoporometry and T 2 relaxation analysis of the shale samples
The first echo (echo time 0.3 ms) signal amplitude of the 1 H CPMG data of acetonitrile confined in the shale samples as a function of temperature is shown in Fig. 5a . As explained in the Introduction, the amplitude is proportional to the amount of liquid (non-frozen)
acetonitrile. There is a gradual increase in the amplitude of the 1 H signal with increasing temperature in the lower temperature region due to the melting of the liquid confined to the pores. The steep increase in the amplitude above 223 K indicates melting of acetonitrile in larger pores and spaces in between the particles. The pore size distributions resulted from the NMR cryoporometry analysis are shown in Fig. 5b . The pore sizes observed by NMR cryoporometry range from 10 to over 100 nm, and the amount and size of mesopores seem to be larger for the carbonate-rich sample than for the siliceous samples. However, there may be some relaxation weighting in the distributions, because in the very small pores in shales, 1 H T 2 relaxation time may be so short that the nuclei may not be observed in the experiment [26] . Therefore, some bias in the pore size distributions can remain. On the other hand, the distributions are in good agreement with the nitrogen sorption results, Chongqing and the number after these abbreviations to sampling depth in units of meter. which also showed broad pore size distributions [59] . The 1 H T 2 relaxation time distributions of acetonitrile in the shale samples as a function of temperature are shown in Figs. 5c, 5d, S9 and S10. There is a broad distribution of relaxation times in the whole temperature range. The distributions seem to be divided into multiple discrete components, but most probably this is a result of the so-called pearling artefact typical for Laplace inversion [28] , and the true distribution is more continuous. Below the melting point of bulk acetonitrile (227 K), the observed T 2 values range from 0.1 to 100 ms for the carbonate-rich sample and from 0.5 to 100 ms for the siliceous sample, while above that temperature they range from 1 ms to 1 s for all the samples.
T 2 -T 2 relaxation exchange of the shale samples
The diffusion-driven exchange process between the bulk and confined acetonitrile in the shale samples was observed by using T 2 -T 2 relaxation exchange experiment. It is not possible to observe the exchange process with the traditional EXSY method, because both sites have the same 1 H chemical shift. The T 2 -T 2 maps are shown in Fig. 6a , S11a and S12a. The maps include from three to five diagonal peaks, labeled alphabetically in the figures, as well as some cross peaks. Again, at least some of the peak splitting is most probably due to the pearling artefact.
For the carbonate-rich EF1-223 shale sample (Fig. 6a) , we identified two groups of cross-peaks, labeled by F and S, which reflect slower and faster exchange rates. As the S cross peaks connect the intermediate and longest T 2 values, we interpreted that it reflects the exchange between bulk acetonitrile and acetonitrile in the larger pores. The F cross peaks, in turn, connect the intermediate and small T 2 values, and therefore may reflect the exchange between macro-and mesopores. The fits of two-site exchange model [32] to the amplitudes of diagonal and cross peaks as a function of mixing time are shown in Fig. 6b and c for slow and fast exchange processes, respectively. These fits resulted in the exchange rate of 6 ± 2 s −1 for the faster exchange process and 1.1 ± 0.3 s −1 for the slower exchange process.
Contrary to the carbonate-rich sample, the T 2 -T 2 maps for the siliceous shale samples (Figs. S11a and S12b) showed only the slower exchange process. The exchange rates for that process were similar to the carbonate-rich sample (see Table 3 ). We note that the exchange rates were much smaller than the R 2 = 1/T 2 relaxation rates, and therefore it is not needed to consider relaxation during the evolution period in the analysis [33] .
According to the NMR cryoporometry analysis, the amount of mesopores is much larger in the carbonate-rich sample than in the siliceous samples. This may explain why the exchange between macro-and mesopores was separately observed in the carbonate-rich sample but not in the siliceous samples. On the other hand, the Sil3-14 and Sil4-34 samples include 39% and 50% quartz in contrast to 13% in EF1-223. At the same time, the amount of calcite is 60% in EF1-223, whereas in Sil3-14 and Sil4-34 samples it is less than 3%. These differences may affect the substitution of bound water, which was not removed from the sample during the drying process, by acetonitrile molecules. The nature of functional groups affects the adsorption-desorption processes, and it may be anticipated that water substitution might be lower in EF1-223 than that in Sil3-14 and Sil4-34 samples [70] . This might lower the relative proportion of small pores in the carbonate-rich sample observed by acetonitrile in relaxation and NMR cryoporometry experiments.
Conclusions
This article described a versatile 1 
H and
129 Xe NMR analysis the cement and shale samples. The 129 Xe analysis showed that the size of the capillary mesopores in both BASF and Portland cement samples vary in between 10 and 50 nm. The pore size is smaller for the Portland samples. The EXSY data implies that the diffusion between the free gas and capillary mesopores is slower in the Portland than BASF samples due to the smaller pore size. 129 Xe spin-echo spectra of the shale samples from USA indicates the presence of micropores and mesopores with the pore sizes ranging from 1 to 10 nm. Contrary to the shale samples from China, the spectra in the shale samples from USA do not include signal at negative chemical shifts, and thereby lack the explicit fingerprint of paramagnetic effects.
1
H T 2 distributions of acetonitrile in the shale samples are very broad due to the heterogeneity of the material. NMR cryoporometry analysis showed also the presence of mesopores in the shale samples, but there may be some relaxation weighting in the distributions. Using T 2 -T 2 relaxation exchange experiment, the diffusion-driven exchange process was observed between the bulk and confined acetonitrile in the pores of shale samples and the exchange rate constants were quantified. Overall, the combined 1 H and 129 Xe NMR analysis reveal very versatile information about the structure of the cement and shale samples as well as dynamics of absorbed fluids that may be of interest also in the commercial applications of these materials. a Because the peak A is close to the edge of the map, its amplitude fluctuated as a function of τ m . Therefore, the relative population of diagonal site 1 was fixed during the processing.
